Introduction
The Moon is a unique laboratory for understanding the evolution of solid planets in the Solar System. As the only extra-terrestrial body for which we have both orbital data and samples collected from known locations on the surface, it offers an opportunity to link global-scale processes with high-precision laboratory analyses. The lunar magma ocean (LMO) hypothesis [1, 2] by the solar-wind hydrogen interacting with oxygen in minerals in the lunar regolith [15, 16, 18] . It was also recognized that some portion of the OH − signature could be intrinsic to the Moon or deposited by cometary impacts [15, 17] .
Distinguishing endogenic water and mapping its distribution would provide valuable globalscale constraints to complement lunar sample studies, particularly when trying to understand the relationship between OH − and KREEP. All lunar samples returned by robotic or human missions were collected on the lunar nearside, with most of them collected within or near the Procellarum KREEP Terrane (PKT), a region that encompasses many of the lunar maria that was observed by the gamma-ray spectrometer on the Lunar Prospector mission to contain high amounts of thorium [19] . Although billions of years of mixing through impacts has resulted in a broad array of lithologies being present at any collection site, there is still undoubtedly bias in the returned samples towards representing a limited sampling area (approx. 4% of the lunar surface) [20] . Lunar meteorites provide additional data for regions that may reside anywhere on the Moon, but the specific provenance of each meteorite is unknown. The overprinting of solar wind-produced OH − complicates the assessment of the distribution of endogenic OH − from orbit. We here examine spectral data of specific locations that might be expected, based on morphology or composition, to exhibit endogenic OH − . In addition, we examine maps of OH − absorption band strength to search for localized positive anomalies that might be attributed to endogenic OH − . These data are then compared with Lunar Prospector thorium maps [21] to determine whether, at least to first order, localized OH − anomalies are directly correlated with KREEP content.
Material and methods
This study centres on data from the M 3 . The M 3 was designed to operate in two sampling modes, global and targeted. Full spatial resolution (600 cross-track pixels at 70 m per pixel) and full spectral resolution (260 bands at 10 nm from approximately 400-3000 nm) targeted data were obtained for only a limited number of locations on the Moon, largely because of the early end of the mission. However, almost the entire lunar surface was imaged at the reducedresolution global mode (140 m per pixel from a 100 km orbit, 280 km per pixel from a 200 km orbit and 85 spectral bands) [22, 23] . The M 3 data are calibrated using a combination of preflight and in-flight calibration procedures [22] , and have been registered by ray-tracing each M 3 spatial element on the lunar surface to an initial Lunar Orbiter Laser Altimeter-derived lunar reference frame [23] . Level 2 data, used in this analysis, have had thermal emission at long wavelengths empirically removed [24] and have been photometrically corrected to a viewing geometry of 30°incidence and 0°emission [25] . These data are publicly available in the NASA Planetary Data System (PDS; http://pds-imaging.jpl.nasa.gov/volumes/m3.html). We incorporate data collected during optical periods 1b, 2a and 2c1. Data from optical periods 1b and 2a are used whenever available for local-scale investigations, as those data were collected while Chandrayaan-1 was still in a 100 km orbit and therefore are at a higher spatial resolution (approx. 140 m per pixel) than are data from optical period 2c1 (approx. 280 m per pixel) [23] . These data were obtained during the lunar morning and afternoon, and generally exhibit more directly comparable temperatures than do those collected closer to lunar noon (OP2c1).
Water and hydroxyl can be identified in near-infrared data near 3000 nm, the energy at which the O-H fundamental stretching mode produces a strong absorption band that can be used to identify OH − at levels as small as a few ppm. Transmission measurements of glasses and minerals using Fourier-transformed infrared spectroscopy are commonly used to quantify water in both hydrated and nominally anhydrous phases (e.g. [26] ). However, quantification of water content from near-infrared reflectance data is complicated by a number of factors. Transmission microscopy minimizes scattering of light off the surface of the sample and primarily measures the absorbance within the body of the mineral, allowing Beer's law to be applied with only a straightforward correction for the mineral absorption properties. Reflectance measurements in the near-infrared rely on light scattering off grain interfaces, through mineral grains, and ultimately back towards the sensor. In remotely sensed measurements, the scattering regime is very poorly constrained, as particle size, porosity and the physical distribution of the OH − molecules (e.g. randomly filling defects and vacancies within the mineral structure or adsorbed between mineral grains) are normally unknown. Using assumptions for the regolith properties, radiative transfer modelling can be used to estimate the path length of light, and then Beer's law can be applied to determine the concentration. Each assumption adds additional uncertainty, and errors may be very poorly constrained. Milliken & Mustard [27] [28] [29] examined adsorption of per cent levels of H 2 O and OH − on Mars-relevant minerals using reflectance spectroscopy in the laboratory to evaluate which, if any, parameters best predicted the water content. They concluded that the effective single-particle absorption thickness (ESPAT) parameter as defined by Hapke [30] could be used to estimate water abundances from absorption band strength. Li & Milliken [31] have extended these studies to focus on more lunar-relevant materials and lower water contents. Using these or any other methods, quantitative estimates of abundance still rely directly on assumptions made about the grain size of the particles that either contain or are coated by OH − .
In the case of the Moon, thermal emission of the lunar regolith further complicates characterization of H 2 O and OH − . The higher the temperature of the surface, the more the shortwavelength tail of the thermal black-body emission curve distorts the apparent strength of any absorption band near 3000 nm. The equatorial temperature of the surface of the Moon varies by approximately 300°C over the course of a lunar day [32] , and depends on a wide range of factors including solar illumination, time of day, albedo, rock abundance, soil particle size distribution, bulk density, thermal conductivity and heat capacity. Although the M 3 data delivered to the PDS used an empirical thermal correction to remove a first-order thermal component from the warmest surfaces [24] , other methods for removing the thermal component from the M 3 spectra are being explored, including using relationships from laboratory measurements of lunar materials [31] and using radiative modelling and a roughness model to account for anisothermality [33] . Because those data are not currently publicly available, we rely on the PDS-archived level 2 products and instead work to minimize the uncertainties introduced by differences in the thermal components of each spectrum by comparing each location of interest with others of similar lithology and albedo measured at the nearest possible time of lunar day and latitude.
The relative strength of the OH − absorption band near 2800 nm is parametrized here using the following equation:
where short-wavelength continuum reflectance (sCR) is the average of the reflectance measured at 2616 nm and 2656 nm and band reflectance (BR) is the average of the reflectance measured at 2776 nm and 2816 nm. We refer to this quantity as 'relative band depth' rather than 'band depth' because the wavelength range of M 3 is not sufficiently long to provide an anchor point outside of the OH − absorption band on the long-wavelength side. Thus, the relative band depth is not solely influenced by OH − band strength, but also by spectral slope, which may be caused by residual thermal component and/or maturity. We average two channels inside and outside of the OH − band region to try to reduce the sensitivity of this parameter to noise in regions with low signal strength. Larger OH − relative band depth values indicate the presence of a substantial 2800 nm band. However, because regions of the Moon that are space-weathered exhibit a strong red-sloping continuum, in some cases a band may still be present when the OH − relative band depth value is near or even slightly below zero (electronic supplementary material, figure S1 ).
Although the frequency of the O-H stretch near 3000 nm can, in principle, be used to distinguish between OH − and H 2 O, the exact band minimum observed in M 3 data depends greatly on spectral resolution and the accuracy of the thermal correction of the data. We thus refer exclusively to OH − , as it is the O-H stretch being mapped.
It is important to note that reflectance spectroscopy is sensitive only to the uppermost surface of the lunar regolith, generally a depth of tens to thousands of microns depending on the optical properties of the regolith. We compare our data with those collected by the Lunar Prospector Gamma-Ray Spectrometer (LPGRS), which is sensitive to depths of tens of centimetres, but at several orders of magnitude coarser spatial resolution than measured by M 3 . If any OH − band detected is present only as a thin layer on the surface, or represents only a small fraction of an LPGRS pixel, any thorium detection could be derived from beneath or around the OH − -enriched material.
Results (a) Global distribution of hydroxyl
A global map of the OH − relative band depth index and the relationship between measured OH − relative band depth and reflectance at 750 nm are presented in figure 1 . The strongest OH − absorption features occur north and south of about 60°latitude (figure 1b; box 4), as noted previously [15] [16] [17] [18] . In several locations, the boundary of this broadly distributed OH − signature curves around major mafic terrains, such as the mafic anomaly in the South PoleAitken (SPA) Basin and Mare Frigoris, suggesting that, to first order, OH − adsorbs more readily onto anorthosite than iron-bearing olivines and pyroxenes (figure 1b, box 1). This lithological preference was reported by Cheek et al. [34] for the north polar region, and is consistent with laboratory studies that show that plagioclase minerals can adsorb roughly twice as much OH − or H 2 O as basalts or glasses [35, 36] .
At lower latitudes, large-scale regional OH − relative band depths are generally slightly negative, suggesting that any OH − signatures present are swamped by the overall spectral slope of measurement (electronic supplementary material, figure S1 ). The OH − relative band depths measured in the highlands are slightly stronger than in the mare, though data in both regions correlate with reflectance at 750 nm (figure 1b; boxes 1,2). The lower OH − relative band depths in the maria than in the highlands may be due to adsorption properties of the minerals. However, they may also be in some part attributed to the overall low albedo of the warm maria, where thermal emission is high and often incompletely removed by the methods of Clark et al. [24] .
Distinct from the mid-latitude highland trend (figure 1b; box 2) is a zone of figure 1b in which the correlation between OH − relative band depth and albedo shallows and almost disappears (figure 1b; box 3, part of box 4). Although these data include high-latitude OH − , they also include smaller, localized OH − anomalies that are scattered throughout the lower latitudes. We focus our examination of local-scale features primarily on these OH − relative band depth anomalies in brighter, non-mare, lithologies. We refer readers to the work of Li & Milliken [31, 37, 38] for an investigation of anomalies in darker terrains using a revised thermal correction.
The range and standard deviation in OH − relative band depths as a function of latitude for the higher spatial resolution data (O1b and OP2a) are depicted in figure 2. When compared with the global latitudinal distribution presented in McCord et al. [18] , the OH − minimum in the data is slightly skewed towards the northern hemisphere. This is due to the higher relative concentration of maria, which exhibit overall lower OH − relative band depths, in the northern hemisphere of the high-resolution dataset. Local-scale enhancements in excess of the regional mean occur across the Moon. OH − -enhanced spots are generally associated with geological features of scales of tens of kilometres or less; however, these individual spots may be geologically associated with larger regional features, such as the rings of the Orientale or Imbrium Basins. Because of the small scale of most OH − anomalies, we surveyed 56 locations of interest, drawn from the list of small-scale thorium anomalies in Lawrence et al. [21] and the orthopyroxenerich deposits in Klima et al. [39] (electronic supplementary material, table S1), using the highest resolution M 3 data available. The maximum OH − relative band depth for each of these regions is overlain on the mean global relative band depth trend in figure 2. Enhanced OH − relative band depths occur in all terrain groups: highlands, SPA and PKT. Hydroxyl signatures occur in association with olivine, orthopyroxene and anorthosite, as well as with silicic material. They are not exclusively associated with enhanced thorium levels, but are slightly more often associated with thorium highs than lows ( figure 2; electronic supplementary material, table S1 ). Although there is significant variability on a global scale, just over 15% of the locations examined exhibit OH − relative band depths more than twice the standard deviation for their respective latitudes. Nine of these sites, spanning the full latitudinal range of the Moon, are labelled in figure 2 and described in more detail in table 1. In general, the strongest of these OH − anomalies are associated with thorium enhancements; however, Copernicus is associated with a thorium low [20] .
(b) Geological context of local-scale hydroxyl enhancements
The most prominent local-scale OH − enhancements revealed in this study (table 1) of each of these types of features are presented in figure 3 along with colour composites to show the mineral variability and relative band depth maps to show the spatial extent of the OH − signature. In the colour composite, anorthosite and silicic material appears as blue, orthopyroxene appears as cyan, clinopyroxene appears as yellow or orange, and olivine appears as pink or red. Hydroxyl signatures are found in association with several different lithologies; however, if olivine or pyroxene dominates a spectral signature, spectrally neutral minerals such as anorthosite are likely to still be present in the rocks and regolith mixtures. Given the spectral resolution of M 3 in the 2800 nm region, it is not possible to explicitly identify which of these minerals the OH − is bound to. Compton-Belkovich is a silicic construct [40] associated with a localized thorium hotspot [21] , located at about 61°N, 100°E in the lunar highlands. Although Compton-Belkovich is located at high latitude where adsorbed water is also present, the OH − relative band depth on the silicic dome itself is several standard deviations deeper than in the surrounding terrain (figure 3g; electronic supplementary material, table S1). This anomaly was identified and described by Petro et al. [41] and later by Battacharya [42] . More recent work by Li & Milliken [43] has shown that this anomaly is still evident when using their revised thermal correction methodology.
Although more spatially diffuse, elevated OH − signatures are also present in several basin rings. Orientale Basin, located near 95°W and 18°S, offers perhaps the best example of this. As illustrated in figure 3h, OH − enhancements are observed throughout the inner and outer basin rings, associated with anorthosite. Korolev Crater, also located in the highlands, exhibits a similar enrichment in OH − in its rings, although the rings are more degraded and the OH − signature is strongest within smaller craters that have impacted ring material. Similarly, Chaffee S Crater, which impacted the inner ring of the Apollo Basin on the edge of the SPA, appears to have also exposed OH − -enriched material.
Materials excavated in the central peaks of both Bullialdus [44] and Copernicus Craters (figure 3e,i) exhibit enhanced OH − ; however, many other central peaks of similarly sized craters, such as Aristillus or many craters within the SPA (electronic supplementary material, table S1), appear no different from their surroundings. Like Bullialdus, which impacted near the inner ring of Mare Nubium [44] , Copernicus lies along a concentric ring centred on the Imbrium Basin, and may be re-excavating material brought closer to the surface by the larger impact. The OH − signature at Copernicus is associated with both anorthositic and olivine-bearing material (figure 3e).
A broken ring of massifs, including the Appenine Bench and the Montes Alpes, encircle the Imbrium Basin, and may represent basin ejecta or basin ring material [45] . Hydroxyl is found in association with orthopyroxene-bearing lithologies in many of these massifs. As illustrated in figure 3 , not all orthopyroxene-rich material (cyan in figure 3f ) is necessarily associated with enhanced OH − (figure 3j). However, those with the most pristine orthopyroxene signatures are typically also OH − rich. 
Discussion (a) Hydroxylation of material sourced at depth
Many of the OH − anomalies found across the Moon can be traced to materials exposed from depth by basin-scale impacts. The impacts that produced the Korolev (417 km diameter) and Orientale (937 km diameter) Basins penetrated deep (30 km+) into the primordial lunar highland crust, though they may not have reached the lunar mantle. By contrast, the impact that produced the Imbrium Basin is likely to have excavated mantle material. Unlike Korolev and Orientale, the hydroxylated material associated with Imbrium is also associated with olivine or orthopyroxene, both of which are likely to be found in the lunar mantle. However, subsequent intrusive and extrusive volcanism in the PKT also delivered olivine and orthopyroxene to the lunar nearside, making the provenance of those minerals around Imbrium disputable. Excavated OH − -enriched materials are sometimes associated with thorium enhancements, potentially suggesting an association with KREEP material. Both Korolev and Orientale are reported as minor regional thorium highs [21] . However, within the PKT, where the strongest regional thorium enhancement occurs, many thorium highs are not associated with OH − . In some cases, such as Copernicus Crater, the OH − signature corresponds to a thorium low. This suggests that, at least in the PKT, there is not a clear direct relationship between KREEP and OH − , probably due to the complicated volcanic history of the region and the different sensing depths of near-infrared and gamma-ray spectroscopy.
The SPA Basin is the largest impact basin on the Moon, and should have excavated significant amounts of lower crust and mantle material. However, few craters within SPA exhibit OH − relative band depths in excess of the local global mean; in fact, most are depleted in OH − relative to the global mean. One exception to this is within the Apollo Basin, which was formed near the northern edge of the basin. The mafic anomaly in SPA is dominated by the spectral signature of orthopyroxene, with some clinopyroxene concentrated in the centre near Mafic Mound [46] . It is possible that, following the SPA-forming impact, a large melt sheet filled much of the centre of the basin, which would have retained enough heat on cooling to differentiate (e.g. [47, 48] ), potentially also leading to the loss of volatiles. Petro et al. [49] investigated the composition of the Apollo Basin and suggested that, probably due to its positioning near the edge of SPA, the impact that formed Apollo may have excavated through the melt sheet, and into the unmelted, uplifted lower crustal material.
Taken together, these observations suggest that the base of the lunar crust may originally have been hydrated. Basins such as Korolev and Orientale, which impacted into thick anorthositic crust, may have approached this lower hydrated layer. In the PKT, however, extensive bombardment and thinning of the lithosphere may have allowed more degassing and dehydration of the lower crust [50] . This may explain why lower crustal samples returned from the lunar nearside that are high in KREEP are not generally enriched in OH − .
(b) Hydroxylation of extrusive lithologies
Silicic domes, such as those at Compton-Belkovich, have been interpreted as volcanic constructs consisting of highly silicic magmas, formed through either silicate liquid immiscibility or basaltic underplating [51] . The most OH − -enriched portions of Compton-Belkovich are associated with small, blocky domes, probably representing the last volcanic products produced in the complex [40] . As relatively late-staged volcanic features, melting was probably caused by the heatproducing elements associated with KREEP. The association of OH − with silicic domes appears consistent with OH − concentrating along with urKREEP in the last liquids of the magma ocean. However, if the silicic magma was created by basaltic underplating of the anorthositic crust, it is also possible that OH − , sequestered in the lower crust, could have concentrated in the silicic melts before eruption.
Studies conducted using a new method for thermal removal have revealed OH − in association with many of the lunar pyroclastic deposits [37, 38] . This is consistent with sample studies that suggest that pyroclastic deposits originated in a water-bearing mantle source [4] . Using the initial thermally corrected level 2 M 3 data, pyroclastic deposits do not appear to exhibit an OH − anomaly relative to their surroundings. However, as described previously, this is potentially because thermal emission is muting any OH − relative band depth at long wavelengths. Unfortunately, this means that any search for OH − anomalies in the mare regions using M 3 data will be strongly dependent on the thermal modelling and spectral calibration.
Conclusion
The distribution of OH − on and in the Moon provides important constraints on our understanding of the formation of the Moon, evolution of the terrestrial planets and current surface processing of airless bodies. Although the large-scale regional spectral signature of OH − observed on the Moon is probably due to relatively recent processes associated with solar wind, small, localized OH − anomalies may provide a glimpse into the internal hydration state of the Moon. These OH − anomalies are observed across the Moon, associated with specific geological features. Many anomalies are associated with large (more than 300 km diameter) impact basins that would have probably excavated material from the lower crust or upper mantle. Others are related to silicic constructs, formed by highly evolved magmatism. The relationship between OH − anomalies and KREEP (by proxy of thorium content) suggests that, on the whole, strong anomalies are generally more common in KREEP-rich terrain, though many KREEPrich regions, particularly in the PKT, are quite low in OH − . If some OH − was concentrated in nominally anhydrous lower crust and/or upper mantle during magma ocean formation, it may be decoupled from the KREEP signature. However, silicic constructs, if formed by underplating and melting of the lower crust by KREEP-rich basalt, could potentially assimilate both OH − and KREEP. Data accessibility. M 3 level 2 data can be accessed through the Planetary Data System, Imaging Node (http:// pds-imaging.jpl.nasa.gov/volumes/m3.html). In addition to the data, a tutorial for working with the data is included at that web address. The formal description of the archive (SIS document) can be accessed directly at http://pds-imaging.jpl.nasa.gov/data/m3/CH1M3_0001/DOCUMENT/ARCHSIS.PDF.
